Aerobic methanotrophic bacteria can use methane as their sole energy source. The discovery of "Ca. Methylacidiphilum fumariolicum" strain SolV and other verrucomicrobial methanotrophs has revealed that the ability of bacteria to oxidize CH 4 is much more diverse than has previously been assumed in terms of ecology, phylogeny, and physiology. A remarkable characteristic of the methane-oxidizing Verrucomicrobia is their extremely acidophilic phenotype, growing even below pH 1. In this study we used RNA-Seq to analyze the metabolic regulation of "Ca. M. fumariolicum" SolV cells growing at µ max in batch culture or under nitrogen fixing or oxygen limited conditions in chemostats, all at pH 2. The analysis showed that two of the three pmoCAB operons each encoding particulate methane monoxygenases were differentially expressed, probably regulated by the available oxygen. The hydrogen produced during N 2 fixation is apparently recycled as demonstrated by the upregulation of the genes encoding a Ni/Fe-dependent hydrogenase. These hydrogenase genes were also upregulated under low oxygen conditions. Handling of nitrosative stress was shown by the expression of the nitric oxide reductase encoding genes nor B and nor C under all conditions tested, the upregulation of nitrite reductase nir K under oxygen limitation and of hydroxylamine oxidoreductase hao in the presence of ammonium. Unraveling the gene regulation of carbon and nitrogen metabolism helps to understand the underlying physiological adaptations of strain SolV in view of the harsh conditions of its natural ecosystem.
INTRODUCTION
Methanotrophs are an unique group of microorganisms that can use methane (CH 4 ) as sole carbon and energy source (Hanson and Hanson, 1996) . Methanotrophs are found both in aerobic and anaerobic natural environments (Hanson and Hanson, 1996; Boetius et al., 2000; Raghoebarsing et al., 2006; Conrad, 2009) . Aerobic methane-oxidizing bacteria are represented by members of the Alphaproteobacteria, the Gammaproteobacteria, the Verrucomicrobia, and the NC10 phylum (Hanson and Hanson, 1996; Op den Camp et al., 2009; Ettwig et al., 2010) . "Candidatus Methylomirabilis oxyfera," a representative of the latter phylum and growing anaerobically in the absence of oxygen, has the unique ability to produce intracellular oxygen through an alternative denitrification pathway (Ettwig et al., 2010) .
During aerobic CH 4 oxidation, energy is conserved during the oxidation of methanol, formaldehyde, and formate (Hanson and Hanson, 1996; Chistoserdova et al., 2009 ). In the oxidation of methanol, electrons are transferred to a membrane bound electron transport chain via a pyrroloquinoline quinone cofactor to cytochrome c and the bc1 complex by the enzyme methanol dehydrogenase. During formaldehyde and formate oxidation, NAD is reduced to NADH and transferred to NADH-oxidoreductase complex I (nuo genes). Electrons flow via the membrane protein complexes, Nuo, bc1, to the cytochrome c oxidases and produce a proton motive force that is converted to the cellular energy carrier ATP by the ATPase enzyme complex.
Verrucomicrobial methanotrophs were isolated from volcanic areas in Italy, New Zealand, and Russia (Dunfield et al., 2007; Pol et al., 2007; Islam et al., 2008) and, the genus name "Methylacidiphilum" was proposed since 16S rRNA gene sequences of the three independent isolates had 98-99% sequence identity (Op den Camp et al., 2009) . Although environmental clone libraries from many ecosystems show a large abundance and biodiversity of Verrucomicrobia (Wagner and Horn, 2006) , little is known about their in situ physiology. There are now several verrucomicrobial genome assemblies available (van Passel et al., 2011) including two of the verrucomicrobial methanotrophs (Hou et al., 2008; Khadem et al., 2012) . The genome data of strains V4 and SolV showed some similarities but also major differences in the C1-utilization pathways compared to proteobacterial and NC10 methanotrophs. The functional significance of these differences can only be validated by a combination of physiological and expression studies.
Physiological studies of "Ca. M. fumariolicum" strain SolV have demonstrated that this microorganism was able to grow with ammonium, nitrate, or dinitrogen gas as nitrogen source (Pol et al., 2007; Khadem et al., 2010) . 13 C-labeling studies showed that strain SolV growing on CH 4 , fixed CO 2 into biomass exclusively via the Calvin Benson Bassham (CBB) cycle (Khadem et al., 2011) . Based on these results we expect that genes involved in nitrogen fixation are only expressed in the absence of ammonium/nitrate and genes involved in the CBB cycle are constitutively expressed. To evaluate this in more detail, analysis of the complete set of transcripts (the transcriptome) and their quantity present in cells grown under different condition is needed.
With the development of microarrays (Malone and Oliver, 2011) high-throughput quantification of the transcriptome became possible, improving the low throughput mRNA data from Northern blots or reverse-transcription PCR (RT-PCR) analysis. More recently, next generation sequencing has been shown to be a very powerful method to analyze the transcriptome of cells by what is known as RNA-Seq (Wang et al., 2009) . Furthermore, this technique can detect transcripts without corresponding genomic sequences and can detect very low abundance transcripts (Croucher and Thomson, 2010; Malone and Oliver, 2011) .
In this study we used RNA-Seq to analyze the genome wide transcriptome of "Ca. M. fumariolicum" SolV cells grown under different conditions at pH 2. Expression profiles of exponentially growing SolV batch cultures (at µ max ) were compared to nitrogen fixing or oxygen limited chemostat cultures and used to unravel the gene and genome regulation of carbon and nitrogen metabolism which may reflect the underlying physiological adaptations of SolV.
MATERIALS AND METHODS

ORGANISM AND MEDIUM COMPOSITION FOR GROWTH
"Ca. Methylacidiphilum fumariolicum" strain SolV used in this study was originally isolated from the Solfatara volcano, Campi Flegrei, near Naples, Italy (Pol et al., 2007) .
Preparation and composition of the growth medium (pH 2) was described previously (Khadem et al., 2010) . Mineral salts composition and concentration were changed for oxygen limited SolV chemostat cultures: 0.041 g l −1 MgCl 2 ·6H 2 O was added (instead of 0.08 g l −1 ) and CaHPO 4 ·2H 2 O was replaced by 0.138 g l −1 NaH 2 PO 4 .H 2 O to limit precipitation.
CHEMOSTAT CULTIVATION
Chemostat cultivation of strain SolV under nitrogen fixing condition at pH 2 was performed as described previously (Khadem et al., 2010) . Growth yield and stoichiometry of CH 4 conversion to CO 2 of strain SolV were also determined for oxygen limited SolV chemostat cultures. The chemostat liquid volume was 300 ml and the system was operated at 55˚C with stirring at 900 rpm with a stirrer bar. The chemostat was supplied with medium at a flow rate of 5.1 ml h −1 , using a peristaltic pump. Culture liquid level was controlled by a peristaltic pump actuated by a level sensor. A gas mixture containing (v/v) 5.8% CH 4 , 2.3% O 2 , 0.4% N 2 , and 91.1% CO 2 was supplied to the chemostat by mass flow controllers through a sterile filter and sparged into the medium just above the stirrer bar. Oxygen concentrations in the liquid were measured with a Clarke-type electrode.
After steady state was reached, CH 4 and O 2 consumption and CO 2 production were determined by measuring the ingoing and outgoing gas flows and the gas concentrations. The outgoing gas passed through a sterile filter at a flow rate of 11.9 ml h −1 , and contained (v/v) a mixture of approximately 4.8% CH 4 , 0.72% O 2 , 0.7% N 2 , and 92.7% CO 2 . The dissolved oxygen concentration (dO 2 ) was below 0.03% oxygen saturation.
To determine biomass dry weight concentration, triplicate 5 ml samples from the culture suspension were filtered through preweighed 0.45 µm filters and dried to constant weight in a vacuum oven at 70˚C. After steady state, both chemostats were sampled for mRNA isolation and Illumina sequencing.
BATCH CULTIVATION
Cells of SolV grown at maximal growth rate (µ max ), without any nitrogen, O 2 , and CH 4 limitation were obtained in 1 liter serum bottles, containing 50 ml medium (with 4 mM ammonium, 2% fangaia soil extract, and at pH 2, Khadem et al., 2010) and sealed with red butyl rubber stoppers. Incubations were performed in duplicate and contained in (v/v) 10% CH 4 , 5% CO 2 , and 18% O 2 at 55˚C with shaking at 180 rpm. Exponentially growing cells were collected for mRNA isolation and Illumina sequencing.
GAS AND AMMONIUM ANALYSES
Gas samples (100 µl) were analyzed for methane (CH 4 ), carbon dioxide (CO 2 ), and oxygen (O 2 ) on an Agilent series 6890 gas chromatograph (GC) equipped with Porapak Q and Molecular Sieve columns and a thermal conductivity detector as described before (Ettwig et al., 2008) .
Ammonium concentrations were measured using the orthophthaldialdehyde (OPA) method (Taylor et al., 1974) .
TRANSCRIPTOME ANALYSIS
The draft genome sequence of strain SolV (Khadem et al., 2012) was used as the template for the transcriptome analysis. Cells were harvested by centrifugation and 3.1 mg dry weight cells were used for isolation of mRNA, and subsequent synthesis of cDNA (328 ng) was done as described before (Ettwig et al., 2010) . The cDNA was used for Illumina sequencing (RNA-Seq) as described before (Ettwig et al., 2010; Kartal et al., 2011) . Expression analysis was performed with the RNA-Seq Analysis tool from the CLC Genomic Workbench software (version 4.0, CLC-Bio, Aarhus, Danmark) and values are expressed as RPKM (Reads Per Kilobase of exon model per Million mapped reads; Mortazavi et al., 2008) .
RESULTS AND DISCUSSION
PHYSIOLOGY OF "CA.
M. FUMARIOLICUM " SOLV GROWING WITH AND WITHOUT NITROGEN SOURCE AND UNDER OXYGEN LIMITATION
Prior to the expression studies the physiological properties of strain solV were examined in batch and chemostat continuous culture. These studies showed that strain SolV in batch culture had a maximum growth rate of 0.07 and 0.04 h −1 , with ammonium or nitrate as nitrogen source, respectively ( Table 1 ). In the absence of ammonium and nitrate "Ca. M. fumariolicum" SolV cells were able to fix atmospheric N 2 only at headspace oxygen concentration below 1% (Khadem et al., 2010) . The additional reduction steps of nitrate to ammonium could explain the observed increase in doubling time with nitrate compared to ammonium. The slower growth rate with N 2 as nitrogen source was expected, since N 2 fixation is an endergonic process, which needs about 16 mol ATP Frontiers in Microbiology | Evolutionary and Genomic Microbiology per mol N 2 fixed (Dixon and Kahn, 2004) . Based on the µ max data obtained, strain SolV seems to prefer ammonium, which is also the most likely nitrogen source in its natural environment. Continuous cultivation of strain SolV cells in a chemostat at pH 2 under nitrogen fixing conditions, was performed at dissolved oxygen concentrations (dO 2 ) equal to 0.5% oxygen saturation and without ammonium or nitrate ( Table 1) . Growth was limited by CH 4 liquid-gas transfer in this chemostat culture (Khadem et al., 2010) . The growth rate (0.017 h −1 ) is 68% of the µ max (0.025 h −1 ) obtained in N 2 fixing batch cultures.
For continuous cultivation of strain SolV under oxygen limitation and in the presence of excess methane and ammonium, the chemostat was supplied with medium at a dilution rate of 0.017 h −1 ( Table 1) . This resulted in a dO 2 equal to 0.03% oxygen saturation (<0.24 µmol/l).
After a steady state was obtained in the chemostat, the stoichiometry of CH 4 oxidation, and cell yield under N 2 fixing and O 2 limiting conditions were determined. Under O 2 limitation the stoichiometry of CH 4 oxidation was the same as reported, for excess ammonium and O 2 (Pol et al., 2007) . However, under N 2 fixing conditions, a slightly higher consumption of O 2 and production of CO 2 was found (Khadem et al., 2010) . This coincides with the lower cell yield of the nitrogen fixing chemostat culture of strain SolV ( Table 1) . Three of the above described physiological conditions were selected for a genome wide transcriptome analysis (Table 1), e.g., exponentially growing cells (batch culture at µ max ) and cells from nitrogen or oxygen limited chemostat cultures.
WHOLE GENOME TRANSCRIPTOME ANALYSIS OF "CA. M. FUMARIOLICUM " SOLV
The SolV transcriptome was characterized using RNA-Seq. RNA was prepared from the three different cell cultures (see above), converted to cDNA and sequenced. The Illumina Genome Analyzer reads (75 bp) were first mapped to the ribosomal RNA operon and mapped reads were discarded. The unmapped reads (3.5 × 10 6 , 3.2 × 10 6 , and 2.0 × 10 6 reads for µ max , N 2 fixing, and O 2 limited cells, respectively) were mapped to the CDS, tRNA, and ncRNA sequences extracted from the genome sequence of strain SolV (Khadem et al., 2012) . The total number of reads obtained and mapped for each sampled culture together with the calculated expression levels (RPKM) are provided File S1 in Supplementary Material (RNA-Seq_SolV.xls). We selected a set of 394 housekeeping genes (in total 443 kbp) involved in energy generation, in ribosome assembly, carbon fixation (CBB cycle), C1 metabolism (except for pmo), amino acid synthesis, cell wall synthesis, translation, transcription, DNA replication, and tRNA synthesis for the three conditions, to compare baseline expression levels (File S2 in Supplementary Material; Housekeeping genes.xls). For this gene set all ratios of expression between conditions were >0.5 and <2. The robustness of the transcriptome data were checked by the method of Chaudhuri et al. (2011) in which the expression levels (log2(RPKM + 1)) of the 394 gene set for the three conditions were plotted against each other. This resulted in correlation coefficients of 0.70, 0.86, and 0.86 ( Figure A1 in Appendix), which are only slightly lower than those of technical replicates as reported by Chaudhuri et al. (2011) .
In the following paragraphs, the differences in expression pattern under the various cultivation conditions with respect to energy, carbon, nitrogen, and hydrogen metabolism of strain SolV will be presented and discussed.
ENERGY METABOLISM
Genes involved in CH 4 oxidation pathway (Hanson and Hanson, 1996; Chistoserdova et al., 2009) and their RPKM values are presented in (Table 2 ). In the genome data of the verrucomicrobial methanotrophs no genes encoding for the soluble cytoplasmic form of the methane monooxygenase (sMMO) were found (Hou et al., 2008; Khadem et al., 2012) . However, three pmoCAB operons, encoding for the three subunits of particulate membraneassociated form (pMMO) were predicted. Transcriptome analysis of "Ca. M. fumariolicum" SolV showed differential expression of two of the three different operons. One of the pmoCAB operons (pmoCAB2) was highly expressed (RPKM values 10.9 × 10 3 to 45 × 10 3 , Figure 1 ) in cells growing at µ max with excess ammonium and oxygen (initial headspace concentration of 18%). The other two pmoCAB operons were hardly expressed under these culture conditions (RPKM 21-253). The cells from CH 4 limited N 2 fixing chemostat culture and the O 2 limited chemostat culture with dO 2 of 0.5 and 0.03% oxygen saturation, respectively, showed a remarkable different expression pattern of the pmoCAB operons. Under these conditions the pmoCAB1 operon was highly expressed (RPKM values 4.1 × 10 3 to 25 × 10 3 ) while expression of the pmoCAB2 operon was down regulated 40 times compared to the batch culture. The pmoCAB3 operon was hardly expressed in cells from the two chemostat cultures, expression values being www.frontiersin.org The mRNA expression is expressed as RPKM according to Mortazavi et al. (2008 identical to that of the cells at µ max . Although other factors like growth rate, cell density, etc., could have an effect, the results point to a regulation of the pmoCAB1/pmoCAB2 genes by the oxygen concentration. Since the pmoCAB3 operon was not expressed under the conditions tested, other growth conditions have to be tested to elucidate the regulation and function of this pMMO. In a recent study, qPCR was used to investigate expression of the four pmoA genes of "Ca. M. kamchatkense" Kam1 (Erikstad et al., 2012) . The pmoA2 gene was 35-fold stronger expressed than the other copies. Suboptimal temperature and pH conditions did not change this pattern. Other limitations were not tested. Grow on methanol resulted in a 10-fold decreased expression of pmoA2. Also some proteobacterial methanotrophs are known to contain multiple copies of pmo operons (Semrau et al., 1995; Murrell et al., 2000) . Within sequenced genomes of gammaproteobacterial methanotrophs two nearly sequence-identical copies of pmoCAB1 were found. It is thought that sequence-identical copies have arisen through gene duplications and insertion. Mutation studies in Methylococcus capsulatus Bath have demonstrated that both pMMO's were required for growth (Stolyar et al., 1999) . More sequence-divergent copies (pmoCAB2) were shown to be widely distributed in alphaproteobacterial methanotrophs (Yimga et al., 2003) . Recently it was found that some genera of gammaproteobacterial methanotrophs also posses a sequence-divergent particulate methane monooxygenase, depicted pXMO (Tavormina et al., 2011) . Unlike the CAB gene order of the pmo operon the pxm operon shows an ABC gene order. The presence of sequencedivergent copies suggests alternative physiological function under different environmental conditions. Methylocystis sp. strain SC2 was shown to possess two pMMO isozymes, encoded by pmoCAB1 and pmoCAB2 operons. The pmoCAB1 operon was expressed by strain SC2 at mixing ratios >600 ppmv CH 4 , while growth and concomitant oxidation of methane at concentrations <600-700 ppmv was due to the expression of pmoCAB2 (Baani and Liesack, 2008) . In this case the methane concentration seems to control the up-and down regulation of the different pMMOs.
The second step in CH 4 oxidation pathway is the conversion of methanol to formaldehyde by methanol dehydrogenase. Methanol dehydrogenase activity in strain SolV could be demonstrated but the gene cluster encoding this activity seems to be rather different compared to proteobacterial methanotrophs. The mxaFJGIRSACKLDEH cluster encoding the methanol dehydrogenase (mxaFI ), a cytochrome (mxaG), a solute binding protein (mxaJ ), and accessory proteins (Chistoserdova et al., 2003; Ward et al., 2004; Chen et al., 2010) was absent in the verrucomicrobial methanotrophs (Hou et al., 2008; Khadem et al., 2012) and found to be replaced by a mxaFJG operon. In addition the gene cluster pqqABCDEF encoding proteins involved in biosynthesis of the methanol dehydrogenase cofactor pyrroloquinoline quinone was present. The expression of these genes did not vary much under the conditions tested (Table 2; Figure 1) .
Formaldehyde, the product from the methanol dehydrogenase, is a key intermediate in methanotrophs. It may be oxidized for energy and detoxification, or fixed into cell carbon via the ribulose monophosphate pathway (RuMP) or serine cycle (see below, Hanson and Hanson, 1996; Chistoserdova et al., 2009 ). The canonical formaldehyde oxidation pathway requires folate as a cofactor for C 1 transfer and formate dehydrogenase complexes (see below). The classical gene folA involved in the last step of folatebiosynthesis (encoding dihydrofolate reductase, FolA) is absent in "Ca. Methylacidiphilum" strains V4 and SolV. Hou et al. (2008) suggested that the role of this enzyme could be taken over by an alternative dihydropteroate synthase (FolP). The gene encoding for this enzyme was also present in strain SolV and was constitutively expressed at RPKM values of 133-236. The presence of the folD gene in the "Ca. Methylacidiphilum" strains (V4 and SolV) and expression data of this gene in strain SolV (Table 2) , indeed suggest that conversion of formaldehyde is tetrahydrofolate-dependent. The "archaeal" tetrahydromethanopterin cofactor-based pathway for C1 transfer found in other methylotrophs is not present in the genomes of the "Ca. Methylacidiphilum" strains (Hou et al., 2008; Khadem et al., 2012) .
Formaldehyde can also directly be oxidized by a formaldehyde dehydrogenase. The genome data of stain SolV reveal several candidates for formaldehyde oxidation: a NADPH:quinone reductase (or related Zn-dependent oxidoreductases), Zn-dependent alcohol dehydrogenases or the NAD-dependent aldehyde dehydrogenases. The genes encoding for these enzymes were expressed under all conditions tested ( Table 2) . A role for these enzymes should be further supported by enzyme purification and characterization studies. Genes encoding for soluble and membrane bound NAD-dependent formate dehydrogenases were also predicted from the draft genome of strain SolV and there expression levels were not significantly different the same under all experimental conditions ( Table 2 ). This enzyme performs the last step of CH 4 oxidation, converting formate into CO 2 .
CARBON METABOLISM (CARBON FIXATION)
The genome data of the verrucomicrobial methanotrophs (Hou et al., 2008; Khadem et al., 2012) showed differences in carbon assimilation compared to proteobacterial methanotrophs (Chistoserdova et al., 2009 ). Analyses of the draft genome of "Ca. M. fumariolicum"strain SolV revealed that the key genes needed for an operational RuMP pathway, hexulose-6-P synthase and hexulose-6-P isomerase were absent. In addition, the crucial genes encoding key enzymes of the serine pathway, malyl coenzyme A lyase, and glycerate kinase, were not found (Khadem et al., 2011) . However, all genes required for an active CBB cycle could be identified in the SolV genome. These genes were highly expressed in both chemostat cultures (Table A1 in Appendix), to levels identical to those of cells in batch cultures growing at µ max (Khadem et al., 2011) . The constitutive expression in all cell cultures was expected, assuming biomass carbon in strain SolV growing on methane can only be derived from fixation of CO 2 via the CBB cycle (Khadem et al., 2011) . Our transcriptome data of the chemostat cultures and batch cultures showed low expression of the cbbR gene, encoding a possible RuBisCO operon transcriptional regulator. The cbbR gene product is a LysR-type transcriptional regulator and the key activator protein of cbb operons in facultative autotrophs (Bowien and Kusian, 2002) . As an autotroph, strain SolV may not need much www.frontiersin.org regulation of the CBB cycle genes. For strain V4 a coupling of this cbbR gene to nitrate reduction and transport was suggested (Hou et al., 2008) .
Although, the genes encoding for the ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), the key enzyme of the CBB cycle was found in the genome of some proteobacterial methanotrophs like M. capsulatus Bath (Ward et al., 2004) and Methylocella silvestris BL2 (Chen et al., 2010) and the non-proteobacterial methanotroph "Candidatus Methylomirabilis oxyfera" (Ettwig et al., 2010) , autotrophic growth in liquid cultures has not been reported for these methanotrophs yet.
CARBOHYDRATE METABOLISM
The presence and transcription of genes involved in the pentose phosphate pathway suggested the possibility of gluconeogenesis in strain SolV (Table A1 in Appendix). In M. capsulatus Bath, gluconeogenesis was suggested as follows: a putative phosphoketolase, condenses pyruvate, and glyceraldehyde-3-phosphate into xylulose-5-phosphate, which in turn is fed into the ribulose-5-phosphate pool for formation of glucose-6-phosphate through the pentose phosphate pathway (Ward et al., 2004) . Since a putative phosphoketolase is also present and expressed in strain SolV, gluconeogenesis might take place in the same way. Another possibility for the production of glucose-6-phosphate from glyceraldehyde-3-phosphate would be the consecutive action of triose-P-isomerase, fructose-1,6-bisphosphate aldolase, fructose-1,6-bisphosphate phosphatase, and glucose-6-P isomerase. All genes encoding these enzymes are expressed under the growth conditions tested (Table A1 in Appendix).
In many gammaproteobacterial methanotrophs, the tricarboxylic acid (TCA) cycle is believed to be incomplete, because they lack the α-ketoglutarate dehydrogenase activity (Hanson and Hanson, 1996) . However in the M. capsulatus genome homologs of this enzyme were indentified, suggesting that the TCA cycle might operate in this microorganism (Ward et al., 2004) . Alphaproteobacterial methanotrophs are known to have a complete TCA cycle (Hanson and Hanson, 1996; Dedysh et al., 2002; Chen et al., 2010) . The genes encoding for the TCA cycle enzymes were predicted from the genomes of strains V4 and SolV (Hou et al., 2008; Khadem et al., 2012) . Our transcriptome analysis showed that these genes were expressed under the conditions applied, with slightly lower expression levels under N 2 fixing conditions (Table A2 in Appendix). The presence of an operational TCA cycle in strain SolV suggests that growth on two carbon compounds like acetate should be possible. The presence and transcription of a gene encoding acetyl-coenzyme A synthetase (acs), allows acetate to be activated and fed into the TCA cycle (Table A2 in Appendix). Three alphaproteobacterial genera Methylocella, Methylocapsa, and Methylocystis, which were shown to be able to grow or survive on acetate, also posses a TCA cycle (Dedysh et al., 2005; Dunfield et al., 2010; Belova et al., 2011; Semrau et al., 2011) .
POTENTIAL CARBON AND ENERGY STORAGE
Many bacteria start to accumulate reserve polymers when enough supply of suitable carbon is available, but nitrogen is limited (Wanner and Egli, 1990 ). This phenomenon is also known for methanotrophs (Pieja et al., 2011) . Recently it was shown that type II methanotrophs contained the gene phaC, which encodes for the poly-3-hydroxybutyrate (PHB) synthase enable them to produce PHB (Pieja et al., 2011) . At least three genes (phaC, phaA, phaB) were considered to be crucial for PHB synthesis. These genes are absent in type I methanotrophs and in the "Ca. Methylacidiphilum" strains (Hou et al., 2008; Khadem et al., 2012) . However, genes encoding for glycogen synthesis, degradation, and transport (glycogen synthase, glycogen debranching enzyme, and ADP-glucose pyrophosphorylase) were predicted based on the draft genome of strain SolV. These genes were expressed under all conditions tested (Table A3 in Appendix). This supports the ability of carbon storage by strain SolV, but further physiological studies with cells growing under excess of carbon and nitrogen limitation are needed. Thus far literature on glycogen synthesis in methanotrophs is sparse, but several of the publicly available genomes of proteobacterial methanotrophs contain glycogen synthesis genes (M. capsulatus str. Bath; Methylomonas methanica MC09; Methylomicrobium alcaliphilum; Methylocystis sp. ATCC 49242; http://www.ncbi.nlm.nih.gov/genomes).
The presence and constitutive expression of genes involved in phosphate transport, polyphosphate synthesis, and utilization (ABC-type phosphate transport system, polyphosphate kinase, adenylate kinase, and exopolyphosphatase; Table A3 in Appendix) suggest that strain SolV is able to store polyphosphate as energy and phosphorus reserve.
NITROGEN METABOLISM: AMMONIUM, NITRATE, AND AMINO ACID METABOLISM
Based on the genome and supported by the transcriptome data the main route for ammonium assimilation in "Ca. M. fumariolicum" occurs via glutamine synthase (glnA)/glutamate synthase (gltB) and/or the alanine and glutamate dehydrogenases (ald, gdh) . Expression values of ald and gdh were about three-to fivefold lower compared to glnA and glt B under the conditions tested (Table 3) . Also the genes encoding the glutamine-hydrolyzing carbamoyl-phosphate synthase (carA and carB) were constitutively expressed. This enzyme coverts glutamine and carbon dioxide into glutamate and carbamoyl-phosphate. The latter substrate can be fed into the urea cycle. Except for the gene encoding arginase all other genes (argDHFG) encoding enzymes of the urea cycle were present and constitutively expressed. The most likely function of this partial cycle will be arginine synthesis. For strain V4 it was suggested that the ornithine needed can be supplied by 4-aminobutyrate aminotransferase through a part of the TCA cycle and glutamate synthesis (Hou et al., 2008) . In strain SolV, the gene encoding 4-aminobutyrate aminotransferase is also present and expressed. Other methylotrophs possess neither arginase nor ArgD (Hou et al., 2008) .
The genes encoding nitrate/nitrite transporters and the assimilatory nitrite and nitrate reductases showed very low expression levels (8-117), probably due to the absence of nitrate in the growth media used. The ammonium transporter gene (amtB type) is three-to fourfold upregulated in N 2 fixing cells, which reflects increased ammonium scavenging under nitrogen limited conditions. The mRNA expression is expressed as RPKM according to Mortazavi et al. (2008) 
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NITROGEN FIXATION
The genomes of strain SolV and strain V4 show a complete set of genes necessary for N 2 fixation (Hou et al., 2008; Khadem et al., 2012) . Most of these genes and their organization in putative operons resemble those of M. capsulatus Bath (Ward et al., 2004) , a gammaproteobacterial methanotroph that has been shown to fix atmospheric N 2 (Oakley and Murrell, 1991) . N 2 fixation is widely distributed among methanotrophs as shown by the presence of both nifH gene fragments and acetylene reduction activity in a variety of alpha-and gammaproteobacterial methanotroph strains (Auman et al., 2001) . Also the deep-sea anaerobic methane-oxidizing Archaea were shown to fix N 2 and share the products with their sulfate-reducing bacterial symbionts (Dekas et al., 2009 ).
Gene expression data of strain SolV showed that all the genes involved in nitrogen fixation were upregulated only in absence of ammonium and nitrate indicating the effect of nitrogen availability on the expression of these genes ( Table 4) . The genes encoding for the nitrogenase (nifH, nifD, nifK ) were 100-to 325-fold upregulated, while the gene involved in regulation (nifA) and the Fe/Mo cofactor biosynthesis genes showed 30-to 235-fold increased expression levels. Our previous physiological studies already confirmed that nitrogenase was active in N 2 fixing chemostat cultures (Khadem et al., 2010) .
Growth on atmospheric nitrogen in the chemostat was only observed when the dO 2 was below 0.5% oxygen saturation. Our previous batch incubations in the presence of ammonium and 0.5% O 2 saturation resulted in doubling time of 10 h www.frontiersin.org The mRNA expression is expressed as RPKM according to Mortazavi et al. (2008) (Khadem et al., 2010) . This indicates that in N 2 fixing chemostat cultures, this low oxygen was not growth limiting. Maintaining a low oxygen concentration in both batch and chemostat is required for an active nitrogenase, since this enzyme is irreversibly damaged by O 2 (Robson and Postgate, 1980) . Low oxygen requirement for N 2 fixation was also demonstrated for other proteobacterial
Frontiers in Microbiology | Evolutionary and Genomic Microbiology methanotrophs (Murrell and Dalton, 1983; Takeda, 1988; Dedysh et al., 2004) . The effect of high oxygen concentration on the expression of genes encoding N 2 fixing enzymes, in absence of ammonium/nitrate still needs to be addressed in strain SolV. Methanotrophic hydrogenases are considered to have a role in N 2 fixation or CH 4 oxidation. The role of hydrogenase as a source of reducing power for CH 4 oxidation was demonstrated in M. capsulatus Bath (Hanczar et al., 2002) . Hydrogen uptake and evolution activities during N 2 fixation were reported for Methylosinus trichosporium (De Bont and Mulder, 1976) and Methylocystis T-1 (Takeda, 1988) , respectively. However, knock out studies of ∆hupSL encoding for the large and small subunit of the Ni/Fedependent hydrogenase in M. capsulatus Bath, did not show differences in viability under nitrogen fixing and non-nitrogen fixing condition in comparison to the wild strain (Csaki et al., 2001) . Based on these results, the authors suggested that the hydrogenase is probably regulated by oxygen availability rather than by the hydrogen generated by the nitrogenase enzyme complex. Our expression data also show an increased expression under both nitrogen fixing and oxygen limited conditions ( Table 4) . Since under oxygen limitation the nitrogen fixing genes were not expressed, while the hydrogenase encoding genes were expressed to even higher levels, oxygen seems to be the regulatory factor for the latter set of genes.
The PII signal transduction proteins (encoded by glnB and glnK ) are used to transduce the nitrogen status of the cell to the NtrB-NtrC two-component regulatory system and the σ 54 -dependent amtB promoters to tune nif gene transcription (for a detailed overview see Dixon and Kahn, 2004) . The glnB gene of strain SolV was highly expressed under all conditions and slightly upregulated (1.5-fold) under N 2 fixing conditions. Expression of glnK was overall about fivefold lower and threefold downregulated under nitrogen fixing conditions. In addition genes encoding for uridylyltransferase (glnD), NtrB, and NtrC showed expression levels under three conditions tested which did not significantly differ (Table 3) . This suggests that in strain SolV the PII proteins are involved in sensing and regulating the status of fixed nitrogen in the cell. Transcription of the nif genes is regulated by nifA and nifL genes (Dixon and Kahn, 2004) . The expression of nifA is regulated by oxygen and/or fixed nitrogen and nifL gene is involved in oxygen sensing. We could not identify a nifL gene in the genome of strain SolV (Khadem et al., 2012) . However, nifA is present and was 30-fold upregulated under N 2 fixing conditions.
Nitrogenase is believed to be sensitive for reactive oxygen species (ROS), and during nitrogen fixation the level of ROS is reduced by up regulation of ROS-detoxifying genes. In Gluconacetobacter diazotrophicus upregulation of these genes was observed during nitrogen fixation (Alquéres et al., 2010) . Although, in the genome of strain SolV two sodA genes encoding for superoxide dismutases can be identified, they both are highly expressed under all conditions tested (RPKM values: Mfum_810007, 797 ± 163; Mfum_980001, 961 ± 669), but expression seems to be 1.5-to 3-fold lower under N 2 fixing and O 2 limited conditions.
NITROSATIVE STRESS
The pMMO enzyme involved in the first step of CH 4 oxidation in methanotrophs, also oxidizes ammonium which results in the formation of the intermediate hydroxylamine (NH 2 OH; Hanson and Hanson, 1996; Nyerges and Stein, 2009 and reference therein; Stein and Klotz, 2011) . Ammonia-oxidizers can relay electrons from hydroxylamine oxidation to the quinone pool to drive energy production and cellular growth (Klotz and Stein, 2008) , but methanotrophs lack this relay and can not produce energy from this oxidation. Since hydroxylamine is a highly toxic intermediate, methanotrophs rely on mechanisms to quickly remove it. In their natural habitat the "Ca. M. fumariolicum" cells are confronted with varying nitrogen levels (1-28 mM, Khadem et al., 2010) which means that the cells have to balance assimilation and tolerance to reactive-N. Detoxification can be achieved by conversion of hydroxylamine back to ammonium or to nitrite through the use of a hydroxylamine reductase enzyme (HAO). The nitrite in turn can be converted to N 2 O via NO by putative denitrifying enzymes (nitrite reductase and NO-reductase, Campbell et al., 2011) . Genes involved in these conversions may include hao, cytL, cytS, nirBD, nirS or nirK, and norCB. The genes hao, norCB were shown to be present in the genomes of the verrucomicrobial methanotrophs (Hou et al., 2008; Khadem et al., 2012) , while a nirK homolog was only found in strain SolV. The gene inventory in methanotrophic bacteria for handling hydroxylamine or other toxic nitrosating intermediates and for those encoding putative denitrifying enzymes is diverse and unpredictable by phylotype or taxon .
In our study we found that although expressed under all conditions tested, expression of hao and norBC were 1.5-to 4.5-fold lower under nitrogen fixing conditions (Table 3) , which makes sense in view of the expected lower ammonium levels in the cells. However, for nirK expression was low (RPKM = 63-72) except for the cells grown under oxygen limitation (RPKM = 200).
CONCLUSION
In this study we analyzed the genome wide changes in expression during three different growth conditions which helped very much to understand the physiology of "Ca. M. fumariolicum"strain SolV. The analysis indicated that the two of the three pmoCAB operons are probably regulated by oxygen, although the effect of other factors like growth rate, cell density can not be excluded. Further, the hydrogen produced during N 2 fixation can be recycled, and that nitrosative stress is counter acted. the results point to a regulation of the pmoCAB1/pmoCAB2 genes by the oxygen concentration.
The obtained information will be a guide to design future physiological and biochemical studies. www.frontiersin.org
